1. Introduction {#sec0005}
===============

Previously we \[[@bib0005],[@bib0010]\] demonstrated a number of lead cardiotoxicity effects *in vivo* estimated by changes in the contractility of multicellular myocardial preparations and in the functional characteristics of contractile proteins in the heart extracted from the body of a rat with moderate subchronic lead intoxication in comparison with respective control values. These effects of lead intoxication were observed for the first time to be attenuated if induced along with oral administration of a combination of bioprotectors.

The objective of our subsequent work in this field was not only to confirm the essential reproducibility of these results but also to compare corresponding effects under similar subchronic intoxications with lead, cadmium and their combination. The practical importance of this endeavor is determined by the fact that combined harmful exposure to these two metals in different quantitative ratios is typical of rather large population groups occupied in copper smelting and/or residing in areas contaminated by copper smelting facilities (*e.g.* \[[@bib0015]\]) or by contaminated irrigation \[[@bib0020]\]. As it is underlined by Hernandes et al. \[[@bib0025]\] many national and international organizations are currently stressing that studies on chemical mixture toxicity are of primary importance. This problem is one of crucial issues of our own studies as well \[[@bib0030]\]. Moreover, there is scientific interest in studying the comparative and combined toxicity of lead and cadmium since both of these elements are characterized by multivectorial adverse impacts on the organism, affecting both the same and differing targets, acting, in particular, upon the condition and functioning of the cardio-vascular system directly or indirectly.

The most significant literature data concerning the still debatable issue of lead vaso- and cardio-toxicity *in vivo* or *in vitro* were recently reviewed by us in the above-mentioned papers \[[@bib0005],[@bib0010]\]. As for the adverse cardiovascular effects of cadmium, they have also been addressed in a number of both epidemiological \[[@bib0035], [@bib0040], [@bib0045], [@bib0050], [@bib0055], [@bib0060], [@bib0065], [@bib0070], [@bib0075], [@bib0080], [@bib0085], [@bib0090]\] and experimental \[[@bib0095], [@bib0100], [@bib0105], [@bib0110], [@bib0115], [@bib0120], [@bib0125]\] studies. In particular, special attention has been given to the relationship between elevated blood pressure and increased concentration of cadmium in human blood and urine. This relationship was estimated by Gallagher and Melike \[[@bib0130]\] as inconclusive based on an overview of eight epidemiological studies.

Besides, some experimental studies suggested a direct damaging effect of cadmium on the cardiomyocyte or on the regulatory mechanisms of its contractility \[[@bib0095],[@bib0100],[@bib0120],[@bib0125],[@bib0135], [@bib0140], [@bib0145], [@bib0150]\]. Thus in a recent study \[[@bib0155]\], it was found that a direct impact of cadmium on a culture of human cardiomyocytes obtained from stem cells caused reduced cell viability, increased apoptosis, elevated levels of reactive oxygen species, altered action potential, and arrhythmias. However, in contrast to lead cardiotoxicity, there are practically no cadmium cardiotoxicity studies on isolated multicellular myocardial preparations preserving the morpho-functional structure of the myocardium *in vivo*.

In this paper, we report an analysis of the functional characteristics of isometric contractions studied on just such myocardial preparations (along with estimating the ratio of myosin heavy chain isoforms) from rats sub-chronically treated with cadmium and lead, administered both alone and in combination. The combined intoxication effects were also assessed against the action of mechanistically justified bioprotectors administered in parallel to toxic exposure. This design was dictated not only by understandable practical considerations but also by the fact that the attenuation of myocardial dysfunctions along with the attenuation of the systemic toxicity of these metals could serve an indirect argument in favor of a causal relationship between them.

It should be stressed that not only isolated action of cadmium intoxication on multicellular myocardium preparations, but also the combined lead-cadmium cardiotoxicity in general was studied by us for the first time.

2. Materials and methods {#sec0010}
========================

2.1. The general design of the study {#sec0015}
------------------------------------

This study was carried out on 3,5-4,5 months old outbred white male rats from our own breeding colony with the initial body weight of сa. 220−225 g. The rats were housed in conventional conditions, breathed unfiltered air, and were fed standard balanced food. The experiments were planned and implemented in accordance with the "International guiding principles for biomedical research involving animals" developed by the Council for International Organizations of Medical Sciences (1985) and were approved by the Ethics Committee of the Ekaterinburg Medical Research Center for Prophylaxis and Health Protection in Industrial Workers.

To induce respective subchronic intoxications, lead acetate and/or cadmium chloride solutions were administered to rats by repeated intraperitoneal (IP) injections three times a week up to 18 injections during 6 weeks (either separately or in combination) in one-shot doses equal to 6.01 mg Pb and 0.377 mg Cd per kg body mass. These doses were chosen by pilot trials as causing adverse shifts in several functional and biochemical indices of the organism's status but not inducing too heavy an intoxication with lethal outcome.

A randomly selected one-half of the rats exposed to the combination of Pb + Cd and of control rats were administered throughout the exposure period a bioprotective complex (BPC) comprising: sodium glutamate; N-acetylcysteine; vitamins А, group B, Е, C and D3; rutin; ω-3 polyunsaturated fatty acids; selenium, iodine, iron, calcium and magnesium supplements; pectin enterosorbent. The mechanistic considerations justifying the choice of these substances as probable bioprotectors against lead and/or cadmium toxicity and their doses and methods of administration are outlined elsewhere \[[@bib0160]\]. The same paper describes in detail the procedures performed immediately after the end of the exposure period to assess the organ-systemic outcomes of intoxications.

There were 22 rats in every group: 12 were used for toxicological and physiological studies and 10 were used for muscle contractility and myosin heavy chain studies.

2.2. Study of isolated myocardial preparation contractility {#sec0020}
-----------------------------------------------------------

A few minutes before sacrificing (by cervical dislocation under ether anesthesia) the rats were injected i.m. heparin (0.2 mL 5000 units) and xylazine muscle relaxant (0.3 mL). Immediately thereafter, the chest was opened up, the spontaneously contracting heart was removed and placed for 15 min into a Petri dish with modified Krebs-Henseleit solution containing 30 mM *BDM* (2,3-butanedione monoxime) placed on the stage of a binocular microscope at room temperature. Using microsurgical tools under the microscope, we dissected the thin (to avoid hypoxia in the deeper layers of the myocardial preparations) papillary muscle with a piece of the valve and a piece of the mural myocardium, and also the thin mural trabecula.

Upon dissection, the preparation was placed in one of the two thermostatically controlled baths in a two-channel setup containing modified Krebs-Henseleit solution perfusing a preparation with the help of a peristaltic pump (Masterflex L/S) and bubbled with a mixture of gases (O~2~ = 95 % and CO~2~ = 5%) at a temperature of 35 ± 0.1^о^ C. The composition of the solution was as follows: 118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO~4~, 14.5 mM NaHCO~3~, 1.2 mM KH~2~PO~4~, 2.5 mM CaCl~2~, 11.1 mM glucose, insulin 5 units/L, pH 7.35.

One of the ends of the preparation was attached to the rod of a force transducer and the other to that of a servomotor so that the attached ventricular mural piece was outside the recorded segment of the preparation. Then, to ensure adaptation to the experimental conditions, the preparations were stimulated for 30−45 min through parallel non-polarizing carbon electrodes with 1−5 ms 2 Hz supra-threshold electric impulses at 35 °C. As soon as contractility reached a steady state, the stretching of the preparation was reduced to the least possible value for which the minimum force could still be recorded, and the respective length was taken as *L*~0~. Following this, in each experiment the length of the preparation was increased gradually (commonly in a stepwise manner at 50 μm steps) until force reached a steady state at each length, achieving ultimately the maximum possible length for a given preparation, which was taken as *L*~max~.

The large and small diameters of the trabecules and papillary muscles were measured at length *L*~0~ for computing the cross-sectional area as that of an ellipse. Maximum force development and relaxation rates (*dP/dt* and *dP/dt/P~max~*), time to peak force (TTP) and time of decay from peak force to preset contraction amplitude (t~50~) were measured and analyzed in the course of stretching isolated multicellular preparations of the right ventricular myocardium from *L*~0~ to *L*~max~ under 2 *Hz* constant frequency stimulation. At constant length 0.95 *L*~max~, we measured the parameters of the first post-rest contraction and the parameters of isometric contractions during the force transient overshoot.

It was shown by Milani-Nejad et al. \[[@bib0165]\] that the force of the first post-rest twitch at 37 °C increased progressively with the duration of the resting interval and reached a plateau after 30−60 s of rest. In our experiments, we used a 60 s interval.

To ensure the comparability of mechanical characteristics between myocardial preparations from different animals, force was normalized to the cross-sectional area of each preparation, which corresponds to the magnitude of mechanical tension (*mN/mm^2^*).

2.3. Determination of α- and β-cardiac myosin heavy chain (MHC) ratios {#sec0025}
----------------------------------------------------------------------

The ratio of myosin heavy chain isoforms in the rat right ventricular myocardium was determined with denaturating gel electrophoresis (SDS-PAGE) by the method developed by Reiser and Kline \[[@bib0170]\]. Following the electrophoresis, the gels were Coumassie stained, and, after washing with destaining solution and water, scanned by densitometer ("BioRad", US), and the percentage ratio of α- and β-MHC was determined in the samples by Image Lab 5.2.1.

2.4. Statistical processing {#sec0030}
---------------------------

Mechanical characteristics obtained for the comparison groups do not have a normal distribution (Kolmogorov-Smirnov, Lillieforce tests, Shapiro-Wilk\'s W test). Therefore, a nonparametric statistical method (Mann-Whitney U test) was used in the analysis of the reliability of differences in the values of parameters. The results are presented as mean ± SEM. The experimental groups with significant differences (p \< 0.05) were assigned the following indices: \* -- Pb *vs.* Cont; \*\* -- Cd *vs. Cont*; \^ - Pb + Cd *vs. Cont*; \^\^ - Pb *vs.* Cd; ^\#^ - Pb + Cd *vs.* Pb; ^\#\#^ - Pb + Cd *vs.* Cd.

3. Results and discussion {#sec0035}
=========================

3.1. Systemic toxicity characteristics[1](#fn0005){ref-type="fn"} {#sec0040}
-----------------------------------------------------------------

All the experimentally recorded functional, biochemical and histo-morphometric indices of the toxic effects produced by lead and/or cadmium on the organ, system and organism levels and the inferences from their mathematical analysis are interesting in their own right and, therefore, they made up the subject-matter of a special publication \[[@bib0160]\]. Nevertheless, we believe it important to give here an extended summary of that publication in order to give present readers an opportunity to appreciate specific cardiotoxic effects dealt with in this paper against the background of a broader picture of toxicological data.

In general, the experimental models that we obtained for isolated and combined subchronic intoxications with lead and cadmium could be characterized as moderately pronounced and thus comparable with severity of occupational human intoxications which are still possible in modern industrial conditions. However, they point to a markedly higher toxicity of cadmium according to the majority of the indices excepting lead-specific disturbances of porphyrin metabolism and signs of anemia. At the same time, statistically significant correlations between the shifts in a number of indices for the organism's status under lead or cadmium intoxication and the concentration of a respective metal in the blood suggested that not only lead-specific but also a number of integral and non-specific shifts were most likely caused by the toxic impact of both of these metals or one of them. As concerns their combined toxicity directionality, it was found like in many other experiments carried out by our team (see the overview by Minigalieva et al. \[[@bib0175]\]) to be ambiguous depending on the outcome by which this toxicity is assessed, on this outcome's level, and on the toxicant dose ratio. It has been also shown that even the additive combined toxicity of metals (including genotoxicity *in vivo*) can be considerably attenuated by background oral administration of the bioprotective complex (BPC) described in Section [2.1](#sec0015){ref-type="sec"}.

However, all the above is only partly relevant to the functional and morphological changes of the cardio-vascular system. Specifically, it has been found that only rats exposed to lead alone or in combination with cadmium had elevated values of systolic, diastolic and mean arterial blood pressure as compared with control ones. In good agreement with the systemic increase in resistance to arterial blood flow (which might be assumed as a probable mechanism of lead-induced hypertension) was the hypertrophy of ventricular cardiomyocytes, whose mean thickness according to the morphometry of histological myocardial preparations was statistically significantly greater than in the control group. On the contrary, in rats exposed to cadmium alone all the three blood pressure indices were lower than in the controls while the thickness of cardiomyocytes (showing some morphological features of apoptosis) was statistically significantly decreased as compared with both control and, especially, lead-exposed animals. Both toxic metals reduced statistically significantly the thickness of the aortal tunica intima. This effect is worthy of attention since the role of the endothelium forming this layer of the vascular wall in maintaining blood pressure homeostasis through the regulation of vasodilatation and vasoconstriction is well known.

As far as we know, this is the first study that has reported a reduced blood pressure under chronic or subchronic experimental cadmium intoxication. However, Puri \[[@bib0180]\] observed a transient fall of the blood pressure preceding the onset of arterial hypertension in rats induced by a one-shot intravenous injection of cadmium acetate. Literature suggesting increased blood pressure under chronic intoxication with low doses of cadmium is rather scarce. Thus, according to Walker and Moses \[[@bib0185]\], rats exposed to cadmium added to drinking water at a concentration of 1 mg% developed arterial hypertension only by the 36th week of this exposure. Boscolo and Carmignani \[[@bib0190]\] did not discover it at all throughout a 9 months long exposure of rabbits consuming water with the cadmium content of 20 μg/mL. Moreover, the meta-analysis of epidemiological data mentioned in the Introduction led Gallagher and Meliker \[[@bib0130]\] to the conclusion of a possible negative association between the development of hypertension and the level of cadmium in urine.

It may be assumed that the above-mentioned toxic damage to the cardiomyocyte (apoptosis) causes an impairment of the heart's pumping function thus inducing a decrease in blood pressure. In our experiment, this mechanism prevailed over assumed changes in arterial tonus regulation under exposure to cadmium, and *vice versa* under exposure to lead. The contra-directional action of lead and cadmium on arterial pressure under combined exposure was confirmed to be true by mathematical analysis. A similar Cd-Pb antagonism was revealed by this method in relation to the diameter of the Malpighian glomeruli as well. This result is of special interest if we assume that arterial hypertension under lead intoxication is, at least partly, of renal origin.

In the second-lead ECG, both metals when administered alone provoked some lengthening of all inter-wave intervals corresponding to a reduced heart rate, while under combined exposure it was the QT interval only that was elongated statistically significantly. In all toxically exposed groups, the baseline was somewhat lowered (statistically significantly under combined exposure), which can point to some damage to the myocardium or, at least, metabolic disturbances in it. It may be assumed that diffuse metabolic (ion-exchange and/or energy) disturbances are not only, and even not so much, a direct consequence of the metals' cardiotoxicity as, in the case of lead, a secondary result of the above-mentioned cardiomyocyte hypertrophy. Neither can we rule out, however, the association of the revealed ECG-phenomena with toxic damage (*e.g.* with partial apoptosis) to cardiomyocytes. The type of the combined action of lead and cadmium on ECG judging by the majority of the indices may be regarded as additivity, and as contra-directionality judging by the amplitude of the P wave. Five ECG indices in rats under combined exposure with the administration of the BPC were statistically significantly different from the corresponding indices under similar exposure without the BPC. Of significant importance is normalization of the isoelectric line voltage, *i.e.* the alleviation of the main adverse effect of intoxication as per the ECG amplitude indices. Noteworthy is also the fact that the voltage of the P and T waves, which was elevated a little under exposure to the lead-cadmium combination without the BPC, was found to be close to the control values under a similar exposure with the BPC.

3.2. The results of gel electrophoresis of rat myocardium {#sec0045}
---------------------------------------------------------

The electrophoretic study revealed a higher expression V3 myosin isoform, which is a homodimer of β-MHC, in the rat myocardium after exposure to lead compared with the rat myocardium in the control group ([Fig. 1](#fig0005){ref-type="fig"}, [Table 1](#tbl0005){ref-type="table"}).Fig. 1Representative examples of electrophoregrams showing the location of α- and β-MHC recovered from the myocardia of experimental rats. Left to right: control, group after exposure to lead, after exposure to cadmium, after combined exposure to lead and cadmium, and after exposure to lead and cadmium against oral BPC administration.Fig. 1Table 1Some characteristics of myocardium in controls and in rats exposed to lead-cadmium combination with and without bioprotection (x ± s.e.).Table 1Myocardium characteristicsGroup of ratsControlsExposed to Cd + PbExposed to Cd + Pb along with BPC**Expression of α-MHC, %**80 ± 690 ± 7 ^c^78 ± 5 \***Expression of β-MHC, %**20 ± 510 ± 3 ^c^22 ± 5 \***Active tension of isolated multicellular myocardium preparations at working length corresponding to 0.95 Lmax, mN/mm^2^**53 ± 340 ± 3 ^c^47 ± 4 \***Passive tension of isolated multicellular myocardium preparations at working length corresponding to 0.95 Lmax, mN/mm^2^**2.0 ± 0.36.5 ± 0.5 ^c^2.5 ± 0.3 \*[^1]

The replacement of a considerable proportion of fast V1 myosin isoforms (α-α-homodimers of MHC) with slower ones (V3) along with the increase in cardiomyocyte thickness (mentioned in the Section [3.1](#sec0040){ref-type="sec"}) may point to the presence of myocardial hypertrophy in rats with subchronic lead intoxication since it has been repeatedly shown that myocardium hypertrophy is accompanied by a shift in the isomyosin ratio towards the slower V3 \[[@bib0195],[@bib0200]\]. On the contrary, cadmium exposure caused enhanced expression of the V1 fast cardiac myosin isoform, while combined exposure also increased the V1 isoform content compared with the control. Combined exposure with the ВPC led again to a shift in the expression towards slower V3 myosin isoforms. Interestingly, a similar shift towards the expression of V1 myosin isoforms had been observed in animals with hyperthyreosis \[[@bib0205]\]. On the other hand, it is known that one of the likely consequences of cadmium's toxic effect is hyperthyreosis \[[@bib0210]\].

3.3. Myocardial contractility {#sec0050}
-----------------------------

### 3.3.1. Thickness of the myocardial preparations {#sec0055}

The cross-sectional area of the trabecules dissected for the experimental modeling of myocardial contractility *ex vivo* was in the control group equal to 0.071 ± 0.013 mm^2^, which is one-third of that (0.214 ± 0.025 mm^2^) of the pаpillary muscle preparations. The cross-sectional area of the trabecular and papillary muscle preparations from lead-exposed animals was found to be somewhat larger (0.100 ± 0.017 mm^2^ and 0.25 ± 0.04 mm^2^, respectively) than that from rats exposed to cadmium (0.063 ± 0.009 mm^2^ and 0.187 ± 0.026 mm^2^, respectively) and from control animals (see above). A comparison of the same groups by the normalized (*i.e.* referred to the control) cross-sectional area of respective preparations confirms the regular character of increase in this index under lead intoxication and decrease under exposure to cadmium ([Fig. 2](#fig0010){ref-type="fig"}). As for the group of rats exposed to the lead-cadmium combination, the trabecular preparations from this group show an explicit prevalence of lead effects while the papillary muscle preparations - the prevalence of cadmium effects, but in both cases the action of the bioprotectors manifested itself in a shift in the index under consideration towards the control value.Fig. 2The ratio of the cross-sectional area of trabecular (left panel) and papillary muscle (right panel) preparations from the right ventricle of rats to the respective value for the control group (*CONT*) under exposure to lead, cadmium, their combination, and the same combination along with background administration of the bioprotective complex (*BPC*) or BPC alone. The columns with bars show mean values and standard errors of the mean. The differences are significant (p \< 0.05) between the groups: ^\#\#^ - Cd *vs.* Pb + Cd.Fig. 2

Note that these inter-group differences generally have the same sign as those obtained on histological cardiac preparations in morphometric indices, namely clearly visible hypertrophy of cardiomyocytes under lead intoxication and apoptosis under cadmium one as mentioned in Section [3.1](#sec0040){ref-type="sec"} and presented in detail by Klinova et al. \[[@bib0160]\]. This suggests that whereas one of the direct causes of the inter-group biomechanical differences considered below is likely to be geometric differences between muscle preparations from respective groups, these geometric differences themselves are most likely associated with real effects of toxic exposure rather than with small-sample randomness.

### 3.3.2. Estimation of the effect of intoxication on the length-passive tension relationship {#sec0060}

With an increase in the initial extent of cardiac muscle stretching, growth in the active force developed by it in accordance with the Frank-Starling law is commonly accompanied by a non-linear growth in mechanical tension at rest (diastolic). With regard to the various levels of the myocardial tissue biological organization, such non-linear growth is due, mainly, to the stretching of various elastic morphological inter-cellular and intra-cellular components. In particular, the main contribution to passive tension in cardiomyocytes comes from titin \[[@bib0215],[@bib0220]\].

We found that the magnitude of passive tension characterizing stiffness increased with stretching myocardial preparations of both types to the maximal value of 15 mN/mm^2^ in all groups of animals ([Fig. 3](#fig0015){ref-type="fig"}). No additional increase in the passive tension was discovered in the trabecules from the hearts of rats exposed to lead or to lead-cadmium combination (both with and without bioprotection) and in papillary muscles exposed to the metal combination with bioprotection compared with the preparations from the control animals. On the contrary, the dominant tendency for rats exposed to cadmium alone (and to lead-cadmium combination for papillary muscles) was the increasing of passive tension for all stretching lengths. Note that whereas for the papillary muscles from the group of combined exposure without bioprotection this effect was maximal and statistically significant, it was completely absent under a similar combined toxic exposure with BPC administration (as well as in the trabecular preparations).Fig. 3Length-passive tension relationship in trabecular (left panel) and papillary muscle (right panel) preparations from the right ventricle of rats from all experimental groups. The points with bars show mean values and standard errors of the mean. The differences are significant (p \< 0.05) between the groups: \*\* - Cd *vs.* Cont; \^ - Pb + Cd *vs.* Cont; \^\^ - Pb *vs.* Cd; ^\#\#^ - Pb + Cd *vs.* Cd.Fig. 3

When the myocardium is stretched within physiological length range, growth in passive mechanical tension is due, mainly, to the stretching of the «molecular spring» of the gigantic titin protein (from 3000 to 3700 kDa), which largely determines the stiffness of the myocardium \[[@bib0225]\]. The data of other authors on the contents of different titin isoforms in papillary muscles and trabecules, stiff N2B and more compliant N2BA, suggest that changes in passive stiffness under intoxication with heavy metal salts may be due to the phosphorylation of titin by protein kinase А (*PКА*) \[[@bib0230],[@bib0235]\]. This was demonstrated for rat right ventricular trabecular preparations by Fukuda et al. \[[@bib0240]\].

Oxidative stress also modulates titin stiffness considerably, reducing it in some domains of this giant protein and increasing it in others depending on the structure of the corresponding domains. The overall effect of these changes has not yet been fully understood \[[@bib0220],[@bib0245]\]. Since one of the well-known primary mechanisms of the toxic effect produced by heavy metals is oxidative stress, we cannot rule out its contribution, too, to the changes in passive stiffness that we observed.

### 3.3.3. Estimation of the effect of intoxication on the length-active tension relationship {#sec0065}

As is well-known, active myocardial contraction force depends on the initial sarcomere length \[[@bib0250],[@bib0255]\]. We therefore were keenly interested in comparing this relationship in isolated myocardial preparations obtained from control rats and from rats exposed to different variants of lead and cadmium intoxication.

It follows from data illustrated by [Fig. 4](#fig0020){ref-type="fig"} that, as the length of the trabecular or papillary muscle preparations is increased, the isometric contraction force grows monotonically in all groups, with a greater inter-group variance of means values in the trabecular preparations in comparison with papillary muscles. Only the trabecular preparations demonstrate statistically significant differences between the mean values of force developed at all lengths exceeding 0.75 *L*~max~ both under lead and cadmium intoxication, and only under lead intoxication were these values significantly lower than in the control group, while under cadmium intoxication they did not differ from the control ones.Fig. 4Length-active tension relationship in isolated trabecular (left panel) and papillary muscle (right panel) preparations from the right ventricle of male rats in all experimental groups. The points with bars show mean values and standard errors of the mean. The differences are significant (p \< 0.05) between the groups: \* - Pb *vs.* Cont, **\*\*** - Cd *vs.* Cont, \^ - Pb + Cd *vs.* Cont; \^\^ - Pb *vs.* Cd; ^\#\#^ - Pb + Cd *vs.* Cd.Fig. 4

As can be seen from the same [Fig. 4](#fig0020){ref-type="fig"}, under combined intoxication with Pb + Cd the inhibiting effect of lead is prevalent, but it is less expressed than under the action of lead alone. At the same time, with bioprotection the same type of intoxication (Pb + Cd + BPC) provided a length-active tension relationship shifted a little towards the control value.

All corresponding curves obtained on papillary muscle preparations over the entire range of lengths lie on the graphs as a dense bundle, and some divergence between them is only observed in the region of large preparation lengths. Note that cadmium and lead intoxications separately inhibit the contraction force while in combination they even enhance it compared with the control.

To obtain a more precise estimate for the dependence of the maximal isometric tension development rate \[(dP/dt)\]max on preparation length, we leveled out the gain in contraction amplitude by normalizing the rate to contraction amplitude. As is shown in [Fig. 5](#fig0025){ref-type="fig"}, an increase in the length of trabecular and papillary muscle preparations in nearly all groups is accompanied by a drop in the maximal normalized rate of tension development, but it is virtually absent in the papillary muscle preparations from rats under combined exposure. Moreover, the trabecular preparations from the cadmium-exposed group are characterized by the greatest rate, while the preparations from the lead-exposed group display the lowest rate over the entire range of lengths compared with the trabeculae from the other exposed and control groups.Fig. 5Length dependence of the normalized maximal rate of tension development in trabecular (left panel) and papillary muscle (right panel) preparations. The points with bars show mean values and standard errors of the mean. The differences are significant (p \< 0.05) between the group: \*\* - Cd *vs.* Cont; \^ - Pb + Cd *vs.* Cont; \^\^ - Pb *vs.* Cd.Fig. 5

The value of time to peak (TTP) of isometric contractions in trabecular and papillary muscle preparations increases with preparation length in all groups ([Fig. 6](#fig0030){ref-type="fig"}). TTP was the least for trabecular and papillary muscle preparations from the hearts of animals with cadmium intoxication and the greatest for trabecules under lead intoxication and for papillary muscle preparations under combined exposure for all preparation lengths.Fig. 6Dependence of the time to peak (TTP) of isometric contraction amplitude on the extent of stretching in isolated trabecular (left panel) and papillary muscle (right panel) preparations. The points with bars show mean values and standard errors of the mean. The differences are significant (p \< 0.05) between the groups: \^ - Pb + Cd *vs.* Cont; \^\^ - Pb *vs.* Cd; ^\#\#^ - Pb + Cd *vs.* Cd.Fig. 6

The course of isometric muscle relaxation is determined by the rate of detachment of myosin heads from actin, dissolution of calcium-troponin complexes, and outflux of calcium from sarcomeres into the sarcoplasmic reticulum (*SR*) and into the extracellular space. As an integral indicator of this process in isometric mode, an index is used which is determined by the time it takes for the myocardium to relax to 50 % level and is designated as *t~50~* \[[@bib0260],[@bib0265]\]. As follows from the curves shown in [Fig. 7](#fig0035){ref-type="fig"}, the relaxation time increases with increasing the length of the trabecular and papillary muscle preparations in all exposed groups, being insignificantly different from *t~50~* of the control group for most of the groups excluding the lead-exposed one. In the trabecular preparations from lead-exposed rats and in the papillary muscle preparations from the (Pb + Cd) group, the relaxation phase is slower and *t~50~* is higher than in the corresponding preparations of the control group. On the contrary, the same preparations from the cadmium-exposed group display some increase in the relaxation rate and decrease in *t~50~*.Fig. 7Dependence of the time of relaxation to 50 % isometric contraction amplitude on the extent of stretching in trabecular (left panel) and papillary muscle (right panel) preparations. The points with bars show mean values and standard errors of the mean. The differences are significant (p \< 0.05) between the groups: \* - Pb *vs.* Cont; \^ - Pb + Cd *vs.* Cont; \^\^ - Pb *vs.* Cd; ^\#\#^ - Pb + Cd *vs.* Cd.Fig. 7

Thus, under cadmium exposure the amplitude of isometric contractions of trabecules does not change substantially compared with the control group while decreasing in papillary muscles, and the rate of mechanical tension development and relaxation is observed to grow. Under exposure to lead, the amplitude of isometric contractions drops substantially in trabecules and practically does not change in papillary muscles, and the time to peak contraction amplitude and the relaxation time increase over the entire range of lengths.

### 3.3.4. Estimation of the effect of intoxication on post-rest potentiation {#sec0070}

For estimating the effect of toxicants on the chronoinotropic regulation of myocardial contractility, we used the characteristics of post-rest potentiation (*PRP*) ([Fig. 8](#fig0040){ref-type="fig"}) \[[@bib0270]\]. Post-rest contraction force is an indicator of calcium influx into the cardiomyocyte. There are grounds to believe that the main mechanism forming this potentiation is the accumulation of intracellular calcium in the SR during rest \[[@bib0165],[@bib0275],[@bib0280]\]. The length of the interval without stimulation was chosen to be equal to 60 s because it had been shown for the rat myocardium that the amplitude of the first contraction depends on the duration of the rest interval, achieving plateau after 0.5−1 min of rest \[[@bib0165],[@bib0275],[@bib0285]\].Fig. 8The scheme of experimental data processing layout for recorded post-rest isometric contractions constructed by actual records of trabecular. There are isometric contractions after a 15 s pause at a frequency of 2 Hz.Fig. 8

In all the groups studied, the amplitude of the first contraction after a 60 s rest interval depended on stimulation frequency, and in most of the groups it was below the relative amplitude for the control one, particularly in the cadmium-exposed group ([Fig. 9](#fig0045){ref-type="fig"}).Fig. 9Dependence of the first isometric contraction amplitude after a 60 s pause reduced to the contraction amplitude before rest in steady state on the preparation stimulation frequency in trabecules (left panel) and papillary muscles (right panel) from the right ventricle of rats at constant preparation length 0.95 *L*max. The points with bars show mean values and standard errors of the mean. The differences are significant (p \< 0.05) between the groups: \*\* - Cd *vs.* Cont; \^ - Pb + Cd *vs.* Cont.Fig. 9

With increasing stimulation frequency for trabecular and papillary muscle preparations, the amplitude of isometric contractions during the transient overshoot after the 60 s rest interval grows monotonically in all groups of animals ([Fig. 10](#fig0050){ref-type="fig"}). This frequency dependence of the transient pattern after potentiation decreases in trabecules in response to cadmium exposure and, to a lesser extent, under combined exposure to lead and cadmium. No significant inter-group differences were observed in papillary muscle preparations.Fig. 10Dependence of the maximal isometric contraction during the transient overshoot after 60 s resting in steady state on the stimulation frequency applied to trabecular (left panel) and papillary muscle (right panel) preparations from the right ventricle of rats at constant preparation length 0.95 *L*max. The contraction amplitude during the transient process is reduced to that before resting. The points with bars show mean values and standard errors of the mean. The differences are significant (p \< 0.05) between the groups: \*\* - Cd *vs.* Cont; \^ Pb + Cd - *vs.* Cont; \^\^ - Pb *vs.* Cd; ^\#^ - Pb + Cd *vs.* Pb; ^\#\#^ - Pb + Cd *vs.* Cd.Fig. 10

Our data on the insignificance of changes in potentiated contractions in both types of preparations under lead intoxication are in good agreement with the indirect estimate of the effect of chronic lead exposure on SR activity by the extent of papillary muscle post-rest contractions \[[@bib0290]\]. However, under cadmium intoxication we observed a drop in the amplitude of the first post-rest contractions in the preparations of both types at all applied frequencies ([Fig. 10](#fig0050){ref-type="fig"}). This can be explained by a shift in the intracellular calcium balance towards its decrease in the intracellular calcium depot. Despite the inhibition of cAMP-dependent phosphorylation of phospholamban \[[@bib0135],[@bib0295]\], which under rhythmic stimulation facilitates SR filling through the calcium pump of the reticulum *(SERCA),* the result of post-rest potentiation provides evidence that the balance of calcium release and uptake in the SR in general reduces its filling with calcium under cadmium exposure compared with the control. Cadmium is known as the inhibitor of *Na/Ca* exchanger and [l]{.smallcaps}-type and T-type calcium channels \[[@bib0300],[@bib0305]\], which may explain the discharge of calcium from cardiomyocytes under cadmium intoxication.

The rate of contraction development and the value of time to peak amplitude are integral characteristics of myocardium contractility. They are determined by the processes of calcium influx into the cytosol from outside and from the intracellular sources (SR in the first place), the kinetics of calcium binding to troponin C, and the kinetics of attachment of myosin heads to actin (formation of cross bridges). The rate of force decay (relaxation) is determined by the kinetics of detachment of actin-myosin cross-bridges, the kinetics of dissolution of calcium-troponin complexes, and the transport of calcium from the cytosol into the SR and into the extracellular space (primarily through the Na/Ca exchange mechanism).

The rate of active tension build-up was increased under cadmium exposure compared with the control, which *a priori* could be associated both with an increase in the rate of cross-bridge cycling, *i.e.* a shift towards the fast V1 myosin isoform, and with an increase in the amount of calcium in the SR. But since we have shown that under post-rest potentiation the amplitude of the first contraction under cadmium exposure decreased in comparison with the control (which points to reduced calcium filling of the SR rather than anything else), the increased rate of active tension build-up is likely to be explained by a shift in the isomyosin ratio. The reduced relaxation time that we observed may also correspond to a shift towards the faster myosin isoform under cadmium intoxication.

The increase in the time to peak amplitude of contraction and the time of relaxation under lead intoxication (with insignificant changes in the magnitude of potentiated contractions, *i.e.* in SR activity) is associated with a shift in the ratio of myosin isoforms towards the slower V3. Such effects of lead intoxication had been discovered by us previously \[[@bib0005]\].

What leaps to the eye is paradoxical differences in the extent and, for some effects, character of the effect of intoxication with the same metals on myocardial trabecular and papillary muscle preparations. We noted this phenomenon already in a subchronic lead intoxication experiment \[[@bib0005],[@bib0010]\]. The fact that now this effect has been discovered again not only for lead but also for cadmium and for combined lead-cadmium intoxication allows it to be regarded as being of a non-random character. However, to be able to propose at least a hypothetical mechanism of these differences, special experimental studies should be conceived and carried out.

At the same time, we believe that in estimating the cardiotoxicity of metals (lead and cadmium in any case) there are grounds to attach key importance to analyzing the contractile dysfunctions of the ventricle wall myocardium (in a reciprocal relationship with changes in arterial pressure) and, thus, trabecular preparations rather than papillary muscles. We proceed from the assumption that an induced decrease of any extent in the active contraction force of the ventricular wall myocardium and its dynamics over time would manifest itself in explicit or latent disturbances of the systemic hemodynamics, which are indeed reported for the effects of the metals under consideration. At the same time, such hemodynamics would be affected only by a reduction in the force of contraction of papillary muscles such that would not allow them to hold the leaflets of the mitral or tricuspid valve reliably closed throughout the systole. Meanwhile, whereas the problem of arterial hypertension under chronic exposure to lead and cadmium is actual indeed even if different researchers may have differing opinions about it (see the Introduction), we have failed to find any direct statements of a relationship between such toxic exposure and the development of valvular heart disease.

It is true though that Yang et al. \[[@bib0090]\] assessed in a prospective study involving a small sample of Danish residents the left-ventricle function by using Doppler imaging of the transmitral blood flow and the mitral annular movement and speckle tracking, and they revealed a significant decrease in the systolic (but not diastolic) function with an increase in the body burden of lead and cadmium (although the multivariate analyses did not allow them to discriminate which of these metals was predominant in this association). Therefore, these researchers suggested that "environmental exposure to lead, cadmium, or both might be a risk factor for systolic left-ventricle dysfunction, a condition often proceeding to heart failure".

If valvular heart disease associated with the action of lead and/or cadmium is possible indeed, then there are no grounds to ignore the intoxication-induced changes in the contractile function of papillary muscles that we have found. For the time being, we just assume that within the framework of the general cardio-toxicological characterization of these metals priority belongs to the patterns that are revealed in trabecular preparations.

Under combined lead-cadmium intoxication, some characteristics changed in the direction typical of the effect of lead (for instance, active tension in trabecules), while others in the direction typical of the effect of cadmium (passive tension in papillary muscles). In some cases, the opposite action of lead and cadmium when administered alone changed under combined exposure into no effect (time to peak and relaxation time in trabecular preparations). In general, since departures from the norm caused by subchronic isolated effects of lead and cadmium on cardiomyocytes are oppositely directed, their combined action should be expected to produce a complex picture depending on both the dose of the toxicants and the individual susceptibility of the organism.

A number of rat myocardium mechanical characteristics which change under lead-cadmium intoxication were found to be normalized fully or partially if such intoxication developed against the background of BPC administration ([Table 1](#tbl0005){ref-type="table"}). Thus, growth in passive tension in papillary muscle preparations under combined exposure was leveled out if this exposure took place along with BPC administration. The background administration of the BPC is associated with a reduced combined toxic effect on the active tension amplitude in trabecules, time to peak contraction, and relaxation time in papillary muscles. Moreover, no increase in the proportion of α-MHC took place if the exposure to these metals was done along with BPC administration.

The combined toxic action of lead and cadmium was found to be attenuated in cases of exposure with the BPC judging by some other effects displayed by various organs and systems \[[@bib0160]\]. We may therefore assume that in relation to cardiotoxicity as well this attenuation could be associated not only with a direct action on the myocardium but also with an indirect one through complex inter-systemic relations. An overview of our investigations on the problem of antitoxic biological prophylaxis the reader may find in \[[@bib0310]\]. Recently Rana et al. \[[@bib0315]\] mentioned similar mechanisms of bioprotective action of plants and plants derived compounds against toxicity of lead, cadmium, mercury and arsenic.

4. Conclusions {#sec0075}
==============

1We have found that under subchronic intoxication of rats with lead and cadmium (administered separately or in combination) resulting in a moderately pronounced toxic action of these metals on different organs and systems, including the cardio-vascular one, the mechanisms of heterometric and chronoinotropic regulation of myocardium contractility are maintained but modified quantitatively to this or that extent.2Under cadmium intoxication, compared with the myocardium of control animals:3the cross-sectional area of isolated ventricular preparations (both trabecules and papillary muscles) is reduced;4no reliable changes in the amplitude of isometric contractions were found in both types of muscle;5the rate of mechanical tension development and relaxation in a single twitch increases, which corresponds to a shift in the isoform composition of the myosin towards V1 rapidly cycling isomyosins;6myocardial stiffness increases;7the amplitude of the first post-rest contraction decreases.8Under lead intoxication, compared with the myocardium of the same control group of animals:9the cross-sectional area of isolated ventricular preparations (both trabecules and papillary muscles) is increased;10the amplitude of isometric contractions of trabecules drops and that of papillary muscles practically does not change over the entire range of preparation lengths;11the time to peak contraction amplitude and the relaxation time increase over the entire range of lengths, which could be associated with a shift in the isoform composition of the myosin towards slower V3 isomyosins;12the stiffness of the trabecular and papillary muscle preparations does not exceed that of the preparations from control animals;13the amplitude of the first post-rest contraction changes insignificantly.14Under combined lead-cadmium intoxication, some contractile characteristics changed in the direction typical of the effect of lead while others -- of cadmium.15A number of rat myocardium characteristics which change under the effect of lead-cadmium intoxication normalize fully or partially if the latter developed against the background administration of a tested bioprotective complex (BPC). This is in agreement with the fact that there was no increase in the proportion of α-MHC caused by intoxication if the toxic exposure was administered along with the BPC.16An increase in arterial pressure observed in rats with lead intoxication could be a precondition to the development of concentric heart hypertrophy, the realism of which is conveyed by the above-presented results (increased cross-sectional area of papillary muscle and particularly of trabecular preparations, a shift towards slower *V~3~* isomyosin and increased time to peak contraction amplitude and relaxation time), as well as by cardiomyocyte morphometry by optical microscopy of histological myocardial preparations.
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